LPT123-TC171 is a salt-tolerant (ST) and drought-tolerant (DT) rice line that was selected from somaclonal variation of the original Leuang Pratew 123 (LPT123) rice cultivar. The objective of this study was to identify the changes in the rice genome that possibly lead to ST and/or DT characteristics. The genomes of LPT123 and LPT123-TC171 were comparatively studied at the four levels of whole chromosomes (chromosome structure including telomeres, transposable elements, and DNA sequence changes) by using next-generation sequencing analysis. Compared with LPT123, the LPT123-TC171 line displayed no changes in the ploidy level, but had a significant deficiency of chromosome ends (telomeres). The functional genome analysis revealed new aspects of the genome response to the in vitro cultivation condition, where exome sequencing revealed the molecular spectrum and pattern of changes in the somaclonal variant compared with the parental LPT123 cultivar. Mutation detection was performed, and the degree of mutations was evaluated to estimate the impact of mutagenesis on the protein functions. Mutations within the known genes responding to both drought and salt stress were detected in 493 positions, while mutations within the genes responding to only salt stress were found in 100 positions. The possible functions of the mutated genes contributing to salt or drought tolerance were discussed. It was concluded that the ST and DT characteristics in the somaclonal variegated line resulted from the base changes in the salt-and drought-responsive genes rather than the changes in chromosome structure or the large duplication or deletion in the specific region of the genome.
T
issue culture is a technique that is broadly used in plant research, such as gene transformation and mutagenesis for plant improvement. In crop improvement programs, tissue culture can be used to induce genetic variation among the regenerated clones and also to reduce the required time for selection (Neelakandan and Wang, 2012) . The genetic changes that result from tissue culture propagation, indicated as somaclonal variation, have been reported to include a wide range of mutations and chromosome aberrations (Jain, 2001) . Somaclonal variation has been profitably applied to select plants with beneficial agronomic traits such as a high yield (Gao et al., 1991) , disease resistance and abiotic tolerance (Rai et al., 2011) , early flowering (Xu and Chen, 1995) , and physical stress resistance (Adkins et al., 1995) .
LPT123-TC171 is a ST and DT variant rice line that was generated from somaclonal variegation of the callus of LPT123 rice (Oryza sativa 'Leung Pratew 123') that is more susceptible to abiotic stress (Thikart et al., 2005; Udomchalothorn et al., 2009; Pongprayoon et al., 2013) . Some of the adaptive mechanisms of LPT123-TC171 to salt stress have been reported (Udomchalothorn et al., 2009; Sripinyowanich et al., 2013) , where the gene expression level of at least two genes, fructose-6-phosphate-2-kinase/fructose-2,6-bisphosphatase (Udomchalothorn et al., 2009) and OsNUC1 (Sripinyowanich et al., 2013) , were found to be different between the LPT123 and LPT123-TC171 genotypes, and this may contribute to the ST ability in the LPT123-TC171 line.
The plant genome has a capacity to adapt itself when faced with unsuitable environments, including in vitro culture conditions (Phillips et al., 1994) . The mechanism by which the genome responds in somaclonal variants is associated with changes in polyploidy and aneuploidy, increased structural abnormality of the chromosomes, single DNA nucleotide sequence changes (SNPs), transposable element induction, and epigenetic changes (Neelakandan and Wang, 2012) . At the chromosome level, the ex-plant of banana was noted to increase the degree of polyploidy (Gimenez et al., 2001 ). In addition, the long-term propagation of welsh onion (Allium fistulosum L.) showed chromosome abnormalities, such as branched chromosomes, increased chromosome numbers, and micronuclei formation (Joachimiak and Ilnicki, 2003) . Moreover, in vitro propagation has been reported as one of the factors that affect telomere structure. A longterm barley (Hordeum vulgare L.) callus culture (6 to 12 mo) showed a significant increase in the telomere length compared with original germ-line callus (Kilian et al., 1995) . At the nucleotide level, in vitro culture triggered SNP mutations (indels and substitutions) in rice (Noro et al., 2007) and also DNA methylation (Mirouze and Paszkowski, 2011) . Furthermore, in vitro cultivation induced the expression of three retrotransposons (Tos10, Tos17, and Tos19) and the copy number of Tos17 was increased in long-term rice cultures (Hirochika et al., 1996) .
To understand the genetic variation and the adaptation of the LPT123-TC171 somaclonal line at the molecular level, we used next-generation sequencing of the genome and exome of LPT123-TC171 rice compared with that for the LPT123 cultivar to screen for the potential genetic basis of the ST and DT mechanism in the LPT123-TC171 line.
Materials and Methods

Plant Materials and Growth Conditions
LPT123 seeds were obtained as seed stock from the Rice Department, Ministry of Agriculture and Cooperatives, Thailand. For the in vitro selection of LPT123-TC171, the calli regenerated from LPT123 seeds were transferred to selective medium (Vajrabhaya and Vajrabhaya, 1991) supplemented with 85 mM NaCl. Only surviving calli were selected and regenerated into plantlets. Each clone was grown and self-fertilized. After seed collection, seedlings in the next generation were selected using a hydroponic growth system with modified Wagner Vajrabhaya and Vajrabhaya (1991) , and supplemented with 85 mM NaCl for 3 wk. The surviving plants were then grown for seed formation. The selection under salt stress was performed for six generations to obtain the ST mutant line LPT123-TC171. For the genomics and exome analyses, LPT123 and LPT123-TC171 rice seedlings were grown in the greenhouse under natural conditions.
DNA Extraction and Genomic Library Preparation
For the genomic library, DNA was extracted from 3-to 4-wk-old seedlings using a modified hexadecyltrimethylammonium bromide (CTAB) extraction method (Thikart et al., 2005) . One microgram of DNA was cleaned up with AMPure (Beckman Coulter) and then the DNA was fragmented using dsDNA Fragmentase (New England Biolabs, Ipswich, MA). The sheared DNA was modified using the End repaired enzyme (New England Biolabs) and deoxyadenocine was added at the 3' end using Klenow fragment enzyme (New England Biolabs). Next, the unique DNA barcodes (Bioo Scientific, Austin, TX) were joined to each DNA in the library using DNA ligase (New England Biolabs). Fragments with an approximate size of 300 base pairs (bp) were selected and cleaned using AMPure (Beckman Coulter, Indianapolis, IN) and amplified by polymerase chain reaction (PCR) for 14 cycles. Three libraries of each line were loaded into the Illumina (San Diego, CA) genome analyzer and run together. For the exome library preparation, precapture libraries were hybridized with the capture probe, which was designed based on the O. sativa 'Nipponbare' database (Michigan State University [MSU] Rice Genome Annotation Project, v. 6) for 72 h. The capture libraries were cleaned and amplified by PCR using postcapture primers for eight cycles. The final yields were quantified by a bioanalyzer (Agilent Technologies, Santa Clara, CA). Exome capture libraries were pooled and sequenced followed the Illumina HiSeq2000's protocol.
Data Analysis
Molecular Karyotyping Analysis
The DNA barcode of all short-sequence reads from the Illumina Genome Analyzer were removed and then the sequence reads were grouped into the correct category using the pipeline created by Missirian et al. (2011) . The sequence reads were uniquely aligned and mapped to the rice genome database (RGAP6.0) using the BurrowsWheeler Aligner program (Li and Durbin, 2009) .
Identification of large indels, within the localization based on 1000 bp windows size (Henry et al., 2010) , the read counts for LPT123 and LPT123-TC71 were compared using Fisher's exact test adjusted for multiple testing errors with the Benjamini and Hochberg false discovery rate correction approach. An adjusted p-value of <0.05 was considered significant.
The sequence data were normalized before the genome comparison. Since the ranges of raw data in DNA libraries were varied in term of depth, we rescaled the ranges into 1000 counts as our standard. This is to adjust all DNA libraries into the same scale for the comparable measurement. The normalization formula is given as 
Mutation Discovery and Evaluate the Degree of Mutation
Mutation detection was performed using the mutations and polymorphisms surveyor (MAPS) online software (http://comailab.genomecenter.ucdavis.edu/index.php/ MAPS) as reported (Henry et al., 2014) to estimate the mutation rate and to identify mutations, where each library was used as a reference control to the others. The program initially chose the hotspot positions with qualifying coverage. Then, the potential positions were selected based on a set of criteria, such as the minimum total coverage. The mutation rate was then calculated from the number of positions divided by the total sequence (number of bp in Mbp).
To evaluate the degree of mutations, we used the SnpEffect v. 2.0.5 software (Reumers et al., 2006) to identify the location of the mutation on the reference genome. Next, the sorting tolerant from intolerant (SIFT) score software (Ng and Henikoff, 2003) was used to estimate the impact of mutagenesis on the protein function in the LPT123-TC171 genome.
Results
Molecular Karyotyping Analysis
Molecular karyotyping analysis via whole genomic sequencing was used to investigate the changes in the genome as large indels or at the chromosome aberration level. Approximately 22,728,672 and 35,097,873 sequencing reads of LPT123 and LPT123-TC171, respectively, with three replicates were mapped to the Nipponbare reference genome using the Rice Genome Annotation Project (RGAP6.0) database. LPT123-TC171 did not show changes in the ploidy level (polyploidy) or the number of chromosome (aneuploidy). To study large indels, all the short sequence reads were counted, rescaled, and compared at each region between the LPT123 and LPT123-TC171 genomes. Our null hypothesis is that if there is no change at the investigated location, the number of reads for LPT123 will be more or less similar to that for LPT123-TC171. The alternating hypothesis is that if there is a large indel, the number of reads found in both rice genotypes at each region will be significantly different compared with the whole genome.
Based on the above hypothesis, three replicates of read counts for the two rice genotypes were tested using Fisher's Exact Test. After the p value correction, we found deletion at telomeres of the rice chromosomes 1, 2, 4, 5, 6, 7, 8, and 10 of LPT123-171 as the numbers of read counts at the telomere region were significantly different between the two genotypes. The telomere regions were found significantly shortened in LPT123-TC171 (p < 0.01) as shown with asterisks in Fig. 1 and Fig. 2 . Moreover, the significant duplication was also found in chromosome 2 at the position of 28,710,000...28,711,000 and chromosome 9 at the positions of 7,000 to 8,000, 15,000…16,000, and 23,000…26,000 in LPT123-TC171 line. However, these regions, except chromosome 9:7,000 to 8,000 do not contain any putative genes. Chromosome 9:7,000 to 8,000 partially contains LOC_Os09g01000, which encodes the expressed protein with unknown function. The increase of the copy number of any retrotransposon was not detected in LPT123-TC171 genome, although this rice line was regenerated in vitro.
Exome Analysis
Phenotypically, LPT123-TC171 has enhanced ST and DT characteristics. Nucleotide substitution can lead to a major change in the genome response mechanism in cell culture (Noro et al., 2007) , and RAPD analysis revealed a detectable level of genetic diversity between these two genotypes, where three of the 122 random primers detected differences between the two genomes (Thikart et al., 2005) . In this work, the next-generation sequencing technology was used to investigate the diversity between these two genomes as a potential indication of the basis of the LPT123-171 genome adaptation to salt and drought stress.
Unlike whole genome sequencing, exome capture sequencing specifically sequences only the functional regions of the genome (Majewski et al., 2011) . The hybridization capture was designed from the Nipponbare database. and using 100 bp paired-end Illumina nextgeneration sequencing, four and 14 million reads of the LPT123 and LPT123-TC171 exome, respectively, were mapped to the Nipponbare reference genome (MSU Rice Genome Annotation Project, v. 6). The total of 35,431 SNPs was found in the genome of LPT123-TC171, compared with the original LPT123 genome. These mutations are located in approximately 10,000 genes, and among them, 212 genes are abiotic-associated genes. Analysis using Fisher's exact test showed that there were no significant enrichment in the ST-and DT-associated genes of these mutated positions. Figure 3 summarizes the distribution of the nucleotide mutations in the somaclonal line, LPT123-TC171 chromosomes, where SNPs were thoroughly distributed over the genome. Nucleotide mutations have been categorized into two groups by their mode of functions (Childs et al., 2011) . Four-hundredninety-three mutations were found within known genes responsive to both drought and salt stress, while 100 mutations were found within known salt-responsive genes. The list of salt-and drought-responsive loci with the mutation is shown in the Supplementary Table S1 .
The SIFT score was used to calculate the impact of mutations on the protein performance (Ng and Henikoff, 2003) . Based on the SIFT criteria, 36 positions were considered as deleterious mutations and were found in 23 genes (Table 1) . Single nucleotide polymorphisms in LPT123-TC171 that resulted in the stop codons were considered as loss-of-function. However, if SNPs found in LPT123 resulted in the stop codon in comparison with the Nipponbare genome, then they were reverted to the original codon (similar to the Nipponbare genome) in the LPT123-TC171 genome, they would be considered as gain-of-function genes in LPT123-TC171 rice. Many of the mutated genes are the genes involving gene expression regulation (for example LOC_Os01g21420, LOC_Os04g32480, LOC_Os06g44010, LOC_Os11g45740, LOC_Os08g38990) and signal transduction (e.g., LOC_Os05g14220, LOC_ Os06g37750, LOC_Os11g17380, LOC_Os05g44570). LPT123 and LPT123-TC171 were each analyzed, and the effects of base changes in their protein sequence and localization of those changes were classified using the SnpEffect v. 2.0.5 software (Reumers et al., 2006) . The mutation rate in each chromosome was varied from 0.5 to 2.3 mutations/Mbp (Fig. 4A) . Most mutations were nonsynonymous mutations (243 positions, 41.32%), synonymous mutations (201 positions, 33.11%), and mutations in intron (103 positions, 16.89%; Fig. 4B ).
The MAPS pipeline (Henry et al., 2014) was used to study the mutations in the LPT123 and LPT123-TC171 genomes. Most of nucleotide substitutions discovered in LPT123-TC171 rice were A«G and T«C transitions (Fig.  5) , while the N®A, N®T, N®C, and N®G substitutions were essentially equally found in 154, 147, 150, and 142 positions, respectively. The average transition/transversion ratio of LPT123-TC171 was 2.16 (389/204, Fig. 5 ).
Discussion
The shortening of telomeres found in the ST LPT123-TC171 line was in contrast to the evidence found in the long-term callus culture of barley (Kilian et al., 1995) although the LPT123-TC171 rice line was regenerated from the ST callus (Vajrabhaya and Vajrabhaya, 1991) . Beside the natural senescence process, the oxidative stress had been noted as an external factor that affects the telomere shortening. Von Zglinicki et al. (1995) studied the telomere shortening rate in human fibroblast cell culture under hyperoxia condition, which is known as one of the oxidative stress conditions. They found that, under <40% of ambient oxygen, the telomere shortening rate was five times higher than the control group. Moreover, when the cell cultures were treated with a-phenylt-butyl-nitrone, a free-radical scavenging molecule, the rate of telomere shortening significantly decreased in the treatment group . These reports suggest that telomere length is sensitive to oxidative stress and the intensity of oxidative stress correlates with the telomere shortening rate.
Telomeres are special structures of the end of eukaryote linear chromosomes, which are composed of tandem repeats of DNA that form a complex structure with specific telomeric proteins (Kass-Eisler and Greider, 2000) . Telomeres protect the chromosome from exonucleases and are involved in chromosome stability (Greider, 1996) . In most plants, telomeres have the consensus sequence of [TTTAGG]n, while the length depends on species and varities (Shakirov and Shippen, 2004) . Although telomeres compose of the simple repeats with almost no gene found, the change of telomere length can cause alteration of stress response. The AtKU70 gene, which encodes a DNA binding protein, uniquely locates around the end of a chromosome. AtKU70 -/-plants lacking the control of telomere length regulation, which resulted in telomere elongation, showed hypersensitive to stresses (Riha et al., 2002; Bundock et al., 2002) . LPT123-TC171 was selected on NaCl-supplemented media, which induced oxidative stress (Fadzilla et al., 1997) , suggesting that the telomere shortening in LPT123-TC171 genome may have resulted from the oxidative stress during the screening process.
The point mutations found in the exome analysis may result in the drought-and salt-stress response change in the LPT123-TC171 mutant line, as many of them were shown to be responsive to salt and drought stresses and involved in regulation of gene expression and signal transduction. Interestingly, we did not detect the mutations in fructose-6-phosphate-2-kinase/fructose-2,6-bisphosphatase (Udomchalothorn et al., 2009) and OsNUC1 (Sripinyowanich et al., 2013) genes. Presumably, the changes in gene expression of these two genes found previously were caused by mutation in the regulatory regions rather than in the exon. Therefore, they could not detected by exome analysis.
Although 23 genes of LPT123-TC171 seemed to be lacking in function, LPT123-TC171 retained normal growth and development. Moreover, this plant showed better adaptation under a salt-stress condition, as previously reported (Udomchalothorn et al., 2009) . Therefore, the deleterious mutation found in this genome did not negatively affect the main metabolic processes of the cell, but rather responded to stress adaption mechanisms in rice.
According to the mutated genes in the LPT123-TC171 rice, their possible functions regarding salt and drought tolerance are as follows.
OsWRKY28 was stated as a transcriptional repressor of pathogen response by regulating the pathogen-related genes (Chujo et al., 2013) . According to MSU annotation (http://rice.plantbiology.msu.edu/index.shtml), OsWRKY28 is the homologous gene of AtWRKY18 and AtWAKY60 genes in Arabidopsis [Arabidopsis thaliana (L.) Heynh.]. In abiotic stress response, AtWRKY60 and AtWRKY18 played a part downstream of the abscisic acid (ABA) signaling Shang et al., 2010) . Abscisic acid is a plant hormone that regulates development, stomatal movement, and gene expression in response to abiotic stress (Wasilewska et al., 2008) . The lack of function of AtWRKY60 altered ABA response as the knockout mutant exhibited the ABA-hypersensitive phenotype in germination (Shang et al., 2010) and increased DT and ST ability, which are associated with the expression of some ABAresponsive genes . Because WRKY18 and WRKY60 are involved in the stress tolerance mechanism by acting as a suppressor of ABA in other plant systems, this suggests that the loss of function of OsWRKY28 may lead to a similar response in rice and result in the ST and DT phenotype of the LPT123-TC171.
Some of the F-box proteins were reported to be involved in abiotic stress responses. Members of the F-box protein family share the signature F-box motif, which is composed of 40 to 50 amino acid residues. In the rice genome, the F-box protein family contains 687 members (Jain et al., 2007) , and approximately 700 members were identified in Arabidopsis (Lechner et al, 2006) . Generally, F-box proteins interact with the complex of Cullin1 (CUL1), SUPPRESSOR OF KINETOCHORE PROTEIN (SKP1), and RING-BOX1(RBX1)/ REGULATOR OF CULLINS1 (ROC1) to form the structure that controls protein degradation in the cell (Jain et al., 2007; Lechner et al., 2006) . The F-box protein, COI1, was suggested to act as a jasmonic acid signaling component, which regulated the expression of defense-related genes (Devoto et al., 2005) . Likewise, the DOR F-box protein was reported as a repressor to the ABA signaling in guard cells. The dor mutant, the T-DNA insertion of DOR, elevated the ABA level in the cell, which associated with significantly decreased water loss resulting in more drought tolerance in mutant (Zhang et al., 2008) . The LOC_Os01g47050 and LOC_Os10g04020, the mutated F-box genes in LPT123-TC171, may play a role in salt and/or drought tolerance. These should be investigated in more detail.
Spotted leaf11 (SPL11, LOC_Os08g32060) encodes the protein that contains U-box and armadillo repeat motifs. In LPT123-TC171, the SPL11 was deleteriously mutated by the selective tissue culture, which resulted in the lossof-function. OsSPL11 enhanced the pathogen resistance by inducing the expression of pathogen-related (PR) genes. The spl11 mutant globally induced the expression of PR genes, which positively correlated with the level of bacterial and fungal resistance (Yin et al., 2000) . Moreover, PUB22 and PUB23, Arabidopsis homologs of rice SPL11, were found to act as negative regulators in drought response, as the null mutants of PUB22 and PUB23 enhanced drought tolerance (Cho et al., 2008) . Since SLP11 likely plays important roles as the repressor of both biotic and abiotic stress responses, the absence of this gene may be one of the key factors that promoted the LPT123-TC171 rice to survive when faced the stress conditions. Several kinase proteins have been reported to be involved in abiotic stress signaling cascades with diverse functions (Tran et al., 2007) . In our findings, the loss of function in the protein kinases, LOC_Os05g44570 (histidine-containing phosphotransfer protein), LOC_ Os05g14220 (tyrosine protein kinase domain containing protein), and LOC_Os11g17380 (histidine-containing phosphotransfer protein) was found. Kinase proteins play key roles in plant adaptation mechanisms to unfavorable conditions, including stress sensing (Kim et al., 2009) and ion homeostasis (Liu et al., 2000) , as they control expression of stress-associated genes (Teige et al., 2004) . The histidine kinase AHK1 is the positive regulator of drought signaling, which induces osmotic-related genes both in the ABA-dependent and ABA-independent pathways, while AHK2, AHK3, and CRE1, which function in the cytokinin signaling, act as negative regulators of the abiotic stress signaling. The ahk2, akh3, and cre1 null mutants increased osmotic and salt-stress tolerance by inducing ABA-responsive genes such as ANAC055 and AT-MYC2. If the mutated kinase genes in LPT123-TC171 function as negative regulators for abiotic stress signaling, this will lead to the increase in abiotic stress tolerance similarly to what found in ahk2, akh3, and cre1 null mutants in Arabidopsis.
The receptor kinase was reported to function in abiotic stress responses. One of the mutated genes in LPT123-TC171, LOC_Os07g05370 encodes TKL_IRAK_ CrRLK1L-1.15, which is annotated as a receptor-like kinase (RLK) in the CrRLK1L-1 subfamily. Receptor-like kinase is a group of integral membrane protein, which contains a kinase domain on the C-terminus. The RLK regulates diverse cellular processes including biotic and abiotic responses (Ouyang et al., 2010) . In Catharanthus roseus, RLK1-like kinase (CrRLK1Ls) subfamily was globally down-regulated under abiotic stress. Interestingly, salt and drought stress deactivated different CrRLK1L members of indicating that different CrRLK1Ls played distinct roles in abiotic stress response (Lindner et al., 2012) . The FER gene encodes FERONIA RLK, which controlled the balance of reactive oxygen species (ROS) in the cell through the inhibition of nicotinamide adenine dinucleotide phosphate-oxidase dependent ROS. Suppression of FER gene significantly decreased ROS accumulation (Duana et al., 2010) . Balancing ROS in the cell by suppression of CrRLK1Ls expression could be one of the mechanisms to survive under unfavorable environments.
Environmental stress is a key factor that affects splicing activity of mRNA (Lorkovic et al, 2000) . The deleterious mutation of LOC_Os01g21420, which encodes a pre-mRNA-splicing factor SF2 was found in the LPT123-TC171 genome. The Ser/Arg protein AtSRp30, which is similar to the human pre-mRNA-splicing factor SF2 modulated mRNA splicing and nucleosome assembly. The constitutive expression of AtSRp30 altered splicing activity of endogenous genes, while the null mutant of this gene resulted in early flowering, bigger rosette leaves, and numerous secondary inflorescences (Lopato et al., 2006) . In addition, SR45 is also a member of Ser/Arg proteins and involves in the pre-mRNA splicing process. A recent study in the sr45 mutant revealed that SR45 was a negative regulator of glucose and ABA signaling. The ABA level in sr45 mutant was significantly elevated, due to the regulation in three ABA-biosynthesis genes (Carvalho et al., 2010) . These data provided the evidence for the role of Ser/Arg proteins in abiotic stress response. The increase in abiotic stress tolerance in LPT123-TC171 may be resulted from the deleterious mutation in the premRNA-splicing factor SF2 gene.
Hypersaline and hyperosmotic condition directly induced the production of ROS, leading to cell damage and retarded growth by inhibition of the repair system (Bartels and Sunkar, 2005) . Glutathione S-transferase (GST) is involved in the equilibrium of ROS in the cell. In rice, the GST family contains 59 gene members (Soranzo et al., 2004) . GLUTATHIONE S-TRANSFER-ASE U17 (AtGSTU17) gene was proposed as a negative regulator of salt and drought response. Chen and colleagues demonstrated that the atgstu17 mutant increased the level of glutathione. Glutathione is the tripeptide molecule that controlled oxidative balance in the cell (Edwards et al., 2000) . The increase of glutathione content in the gstu17 mutant could be a key factor in the saltand drought-adaptive mechanism. Moreover, the gstu17 mutant also had an increased ABA level leading to the ABA-hypersensitive characters including reduced stomatal apertures, inhibited seed germination, and improved root elongation. Besides, ABA accumulation affected the transcriptomic modification inducing the expression of AREB1, XERICO, RAP2.4, ENH1, and AnnAt1, leading to the increase in salt tolerance in the mutant (Chen et al., 2012) . In the LPT123-TC171 genome, loss-of-function in LOC_Os01g27390, which encodes GST could be one of the key adaptive genes in the LPT123-TC171 rice by modulating the reactive oxygen scavenging in the cell that results in its ST and/or DT.
In plants, polyamines play a crucial role in adaptive mechanisms to abiotic stress (Alcázar et al., 2006) . The level of polyamine in the cell was controlled by polyamine oxidase, which catalyzes degradation of spermine (Alcaì-zar et al., 2010) . LOC_Os09g20284 encodes a polyamine oxidase enzyme, but there has been no direct evidence on this gene function. The null mutant of polyamine oxidase 4 (PAO4) gene in Arabidopsis drastically accumulated a high level of spermine, while the spermidine content was significantly decreased especially in the root. Interestingly, the Atpao4 null mutant up-regulated stress-related genes such as genes encoding late embryogenesis abundant protein (LEA protein), desiccation-responsive protein 29A (RD29A), and dehydration-responsive elementbinding protein (Kamada-Nobusada et al., 2008) . Loss of function of LOC_Os09g20284 encoding a polyamine oxidase in rice might lead to a similar phenotype.
It was previously shown that the in vitro culture led to nonsynonymous mutation. In our study, nonsynonymous was also shown to be the major mutation in LPT123-TC171. This is consistent with the in vitro culture of Panax ginseng C. A. Mey. (Kiselev et al., 2013) . From previous study of DNA mutagenesis in P. ginseng cell culture, nonsynonymous mutation was reported as the major mutation in all genes studied, which were Actin, PAL, DDS, and SERK. Based on the comparison of mutation types occurred in short-and long-term cultures of P. ginseng, it showed a higher level of nonsynonymous substitution in the long-term culture (Kiselev et al., 2013) .
The transition/transversion ratio found in natural mutation of AA-genome Oryza species was 1.92 (Kobayashi et al., 2005) . In contrast, transition and transversion mutations in LPT123-TC171 were found in 389 and 204 positions, respectively, which gave the ratio of approximately 2.16. This implies that the genetic pattern of somaclonal variation in rice is similar to spontaneous mutation but different in term of mutation rate. Under the culture environment, it massively stimulates cell proliferation that causes genetic errors in the cell culture progeny.
For this reason, the number of mutations in the cell culture was higher when compared with the spontaneous mutation. It is consistent with the previous report by Bairu et al. (2011) , showing that the use of plant growth regulators that stimulate cell proliferation in vitro caused the higher rate of point mutation in the genome.
Conclusions
In vitro selection for ST rice led to the shortening of telomeres based on the comparison of the ST and/or DT rice genome, LPT123-TC171, with the genome of its original cultivar, LPT123. Moreover, the exome analysis revealed point mutations throughout the genome, including various genes that involved salt-and/or drought-stress responses, which should contribute to a ST and/or DT phenotype of the rice line. Therefore, the ST and DT characters in the somaclonal variegated line resulted from the base changes in the salt-and/or droughtresponsive genes rather than the changes in chromosome structure or the large duplication or deletion in the specific region. Further investigation of these gene functions will lead to better understanding of abiotic stress responses in the future.
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Supplemental Table S1 . List of salt-and droughtresponsive loci with the mutation in LPT123-TC171 rice line.
